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RTV and reduced P3 amplitudes during performance on 
the RT task. In the participants with ADHD, attenuated P3 
amplitudes were significantly associated with high RTV, 
and the increase in P3 amplitudes from a slow baseline to a 
fast-paced, rewarded condition was significantly associated 
with the RTV decrease. Yet, the individuals with ADHD 
did not show the same increase in CNV from baseline to 
fast-incentive condition as observed in controls. ADHD 
is associated both with a neurophysiological impairment 
of attention allocation (P3 amplitudes) and an inability to 
adjust the preparatory state (CNV) in a changed context. 
Our findings suggest that both neurophysiological and cog-
nitive performance measures of attention are malleable in 
ADHD, which are potential targets for non-pharmacologi-
cal interventions.
Keywords ADHD · P3 · Reaction time variability · 
CNV · ERP · EEG
Introduction
Inconsistent performance on reaction time tasks is one of 
the most prominent features of cognitive performance in 
ADHD (Kofler et al. 2013; Tamm et al. 2012). Frequent 
fluctuations in response speed result in high reaction time 
variability (RTV), which is one of the most investigated 
cognitive performance deficits in ADHD research over 
the past decade (Castellanos et  al. 2005; Kofler et  al. 
2013; Kuntsi and Klein 2012; Tamm et  al. 2012). Less 
well investigated, but potentially clinically more promis-
ing, is the observation that individuals with ADHD show 
a significantly greater reduction in RTV under a rewarded 
task condition compared to individuals without ADHD 
(Kuntsi et  al. 2012). Identifying the neurophysiological 
Abstract Cognitive performance in attention-deficit/
hyperactivity disorder (ADHD) is characterised, in part, by 
frequent fluctuations in response speed, resulting in high 
reaction time variability (RTV). RTV captures a large pro-
portion of the genetic risk in ADHD but, importantly, is 
malleable, improving significantly in a fast-paced, rewarded 
task condition. Using the temporal precision offered by 
event-related potentials (ERPs), we aimed to examine the 
neurophysiological measures of attention allocation (P3 
amplitudes) and preparation (contingent negative variation, 
CNV), and their associations with the fluctuating RT per-
formance and its improvement in ADHD. 93 participants 
with ADHD and 174 controls completed the baseline and 
fast-incentive conditions of a four-choice reaction time 
task, while EEG was simultaneously recorded. Compared 
to controls, individuals with ADHD showed both increased 
Electronic supplementary material The online version of this 
article (doi:10.1007/s10548-017-0554-2) contains supplementary 
material, which is available to authorized users.
 * Jonna Kuntsi 
 jonna.kuntsi@kcl.ac.uk
1 MRC Social, Genetic and Developmental Psychiatry Centre, 
Institute of Psychiatry, Psychology and Neuroscience, King’s 
College London, London, UK
2 Department of Child and Adolescent Psychiatry 
and Psychotherapy, Central Institute of Mental Health, 
Medical Faculty Mannheim, Heidelberg University, 
Mannheim, Germany
3 Department of Child and Adolescent Psychiatry, University 
of Zurich, Zurich, Switzerland
4 Center for Integrative Human Physiology, University 
of Zurich, Zurich, Switzerland
5 Neuroscience Center Zurich, University of Zurich, Zurich, 
Switzerland
321Brain Topogr (2017) 30:320–332 
1 3
basis of such improvement could inform the development 
of brain training programs for ADHD that focus on reach-
ing and maintaining an optimal state of alertness.
Inducing an optimal state of alertness is challeng-
ing, as the effectiveness of task manipulations likely 
depends on both individual and task factors, such as 
the age of participants and the length and nature of the 
overall test battery. Yet several studies have succeeded 
in demonstrating an ADHD-sensitive improvement in 
RTV following the introduction of rewards (with or with-
out an additional manipulation with a faster event rate) 
(Andreou et  al. 2007; Slusarek et  al. 2001; Uebel et  al. 
2010). While studies that have examined separately the 
effects of rewards and a faster event rate within the same 
sample are suggestive of rewards leading to a greater 
improvement in RTV (Banaschewski et  al. 2012; Kuntsi 
et al. 2012; Uebel et al. 2010), we recently demonstrated, 
using genetic model fitting across two large sibling and 
twin samples, that 74–83% of the underlying aetiology 
is shared between RTV improvement following rewards 
and a faster event rate (Kuntsi et  al. 2012). We further 
demonstrated that RTV baseline performance (in a slow-
unrewarded condition) measures the same aetiological 
process as captured by the RTV improvement across con-
ditions (from the baseline condition to a fast rewarded 
condition) (Kuntsi et  al. 2012). These findings support 
theories that emphasise the malleability of the observed 
high RTV in ADHD, such as those that link ADHD to 
difficulties regulating arousal (Halperin et al. 2008; John-
son et  al. 2007; O’Connell et  al. 2009; Sergeant 2005; 
Van der Meere 2002). While RTV captures a large pro-
portion of the familial influences underlying ADHD, it 
largely separates from a second familial cognitive impair-
ment in ADHD that captures executive control processes, 
such as response inhibition (Kuntsi et al. 2010).
In addition to twin and family studies, the underpinnings 
of RTV have also been examined in initial neuroimaging 
and neurophysiological studies. Functional magnetic reso-
nance imaging (fMRI) studies have reported that ADHD 
and healthy controls show differential patterns of brain 
activation related to RTV. In adolescents with ADHD, 
increased RTV was associated with decreased basal gan-
glia and thalamus activity (Rubia et  al. 2007), increased 
pre-supplementary motor and decreased prefrontal activ-
ity (Suskauer et al. 2008). In contrast, in controls increased 
RTV was associated with increased temporal lobe activa-
tion (Rubia et al. 2007), reduced pre-supplementary motor 
and increased prefrontal activity (Suskauer et al. 2008). In 
a recent EEG oscillatory twin study the theta phase vari-
ability from frontal midline cortex emerged as a neuro-
physiological marker that was significantly associated 
with RTV and ADHD both phenotypically and genetically 
(McLoughlin et al. 2014).
At the level of event-related potentials (ERP), RTV has 
previously been linked to the P3 component in a neurotypi-
cal population (Saville et al. 2011) and to the slow cortical 
potential contingent negative variation (CNV) in a clinical 
population with ADHD (Kratz et  al. 2012). The P3 wave 
is time-locked to cognitive aspects of a stimulus appear-
ing between 250 and 450 ms following stimulus presenta-
tion (Sutton et al. 1965) and typically identified as a pari-
eto-central positive deflection. P3 latency has been shown 
to be associated with mean RT (Nieuwenhuis et al. 2005; 
Verleger 1997), but studies that examined RTV have found 
this variable to relate only to the amplitude rather than the 
latency of the P3 component (Ramchurn et al. 2014; Sega-
lowitz et  al. 1997). P3 amplitudes have been considered 
to be associated with the amount of attention allocated to 
a task (Donchin et  al. 1986; Kok 1990). This hypothesis 
stems from findings in dual-task studies indicating a signif-
icant positive relationship between P3 amplitude and task 
demands (Kok 1990; Polich 2007). Additional evidence 
supporting the role of P3 in attentional processing is pro-
vided by studies that showed a significant reduction in P3 
amplitudes when participant’s attention was directed away 
from the task (Johnson 1988; Mangun and Hillyard 1990), 
and larger P3 amplitudes to attended than unattended target 
stimuli (Kok 1990). On the other hand, recent studies have 
also identified a posterior P3 reflecting neural decision-
making processes that are time-locked to response execu-
tion (Kelly and O’Connell 2013; Twomey et  al. 2015). 
Investigating the response-aligned neural signal in addi-
tion to the target-aligned ERP in the P3 range should thus 
help to disentangle the potential sources of increased RTV. 
P3 amplitudes are attenuated in children and adults with 
ADHD (Szuromi et al. 2011; Tye et al. 2011). While most 
studies focus on target-related attenuations of the P3 in 
ADHD, similar (Steger et al. 2000), or even stronger atten-
uations of response-related P3 activity (Saville et al. 2015) 
have also been reported. While there is some evidence for 
normalisation in P3 amplitudes in ADHD following stimu-
lant medication (Overtoom et al. 2009; Pliszka 2007), lim-
ited research has investigated whether P3 amplitudes can 
be altered using non-pharmacological techniques. Initial 
findings from both children and adults with ADHD using a 
go/no-go task revealed a greater-than-expected increase in 
P3 amplitude from a slow to a faster condition (Wiersema 
et  al. 2006a, b), indicated by a significant group by con-
dition interaction. Incentives based on number of points 
earned also enhanced P3 amplitudes, but similarly in par-
ticipants with and without ADHD (Groom et al. 2010).
The CNV is a slow negative potential that occurs after 
a warning stimulus in anticipation of the target stimulus. 
This preparatory ERP component reflects cognitive antici-
pation and motor preparation (Albrecht et al. 2013; Bender 
et al. 2005; Segalowitz et al. 1997), undergoing prominent 
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late maturation from a parietal to a fronto-central nega-
tive topography (Bender et al. 2005, Doehnert et al. 2013). 
Reduced CNV in ADHD is a consistent finding (Albrecht 
et  al. 2013; Banaschewski et  al. 2003; McLoughlin et  al. 
2010), and has been considered as a candidate endophe-
notype that shows strong familial influences with ADHD 
(Albrecht et al. 2013; Rommelse et al. 2007). Methylpheni-
date (MPH) was found to simultaneously reduce RTV and 
increase CNV in ADHD (Kratz et al. 2012), with a signifi-
cant correlation found between the two measures (r = 0.34). 
Several studies that assessed the effectiveness of neurofeed-
back training on slow cortical potentials in ADHD indi-
cated an increase in CNV amplitudes, which was associ-
ated with a reduction in ADHD symptomatology (Heinrich 
et al. 2004; Wangler et al. 2011), or less CNV habituation 
with better training performance (Doehnert et  al. 2008). 
These findings allude to the malleability of the CNV and its 
relationship with RTV. The CNV is typically calculated as 
the mean amplitude at Cz or Pz, averaged over a few hun-
dred milliseconds before target onset (Albrecht et al. 2013; 
Banaschewski et al. 2003; Segalowitz et al. 1997), although 
the site or region and interval varies across studies depend-
ing on the age group and paradigm design.
Only one study to date has examined the relationship 
between P3 and RTV in relation to the preparatory CNV 
(Segalowitz et  al. 1997). This study examined patients 
with traumatic brain injury (TBI), who had impaired atten-
tional processing as reflected by increased RTV, and found 
a strong negative association between RTV and P3 ampli-
tudes. In addition, significant relationships between RTV 
and the CNV, and between P3 and the CNV, were also 
observed (Segalowitz et al. 1997).
To investigate the neural basis of attentional variability 
in ADHD using an RT task with strong phenotypic and 
genetic association with ADHD and demonstrated ADHD-
sensitive improvement across conditions (Andreou et  al. 
2007; Banaschewski et al. 2012; Kuntsi et al. 2012, 2009), 
we focus on a parietal P3 amplitudes and the preparatory 
CNV across baseline (slow-unrewarded) and fast-incentive 
conditions of the Fast Task in a large sample of ADHD and 
control participants. The Fast Task (Kuntsi et al. 2005) is a 
four-choice RT task that compares a slow and unrewarded 
condition performance with performance in a fast-incen-
tive condition that specifically rewards a reduction in RTV 
(unlike go/no-go tasks that reward inhibition performance).
We aimed, first, to establish, using a large follow-up 
sample, whether ADHD continues to be associated with a 
greater-than-expected RTV improvement across the task 
conditions in adolescence and early adulthood. Second, 
we aimed to investigate whether a similar pattern (great-
est impairment in participants with ADHD in the baseline 
condition and a greater improvement between conditions 
in participants with ADHD than controls) is observed 
also for the attentional P3 and the CNV. Third, we aimed 
to examine the relationship between RTV, P3 and CNV 
within and across task conditions. As lower IQ is associ-
ated with ADHD (Kuntsi et al. 2004; Wood et al. 2011), 
we systematically examined the effects of IQ by running 
our analyses with and without IQ as a covariate.
Materials and Methods
Sample
ADHD and control participants who had taken part in our 
previous research (Chen et  al. 2008; Kuntsi et  al. 2010) 
were invited to take part in this study. ADHD participants 
were included if they had ADHD in childhood and met 
DSM-IV criteria for any ADHD subtype at follow up. 
Exclusion criteria included IQ < 70, autism, epilepsy, 
general learning difficulties, brain disorders and any 
genetic or medical disorder associated with externalising 
behaviours that might mimic ADHD. The authors assert 
that all procedures contributing to this work comply with 
the ethical standards of the relevant national and institu-
tional committees on human experimentation and with 
the Helsinki Declaration of 1975, as revised in 2008.
Seven ADHD participants were excluded from the 
analyses: two became very drowsy and could not com-
plete the task, in two cases there was EEG equipment 
failure, and in three cases there were less than 20 accept-
able segments available as required for averaging of EEG 
data. Two control participants were excluded, as they met 
ADHD criteria based on parent report. The final follow-
up sample consisted of 93 ADHD participants (8 sibling 
pairs and 77 singletons; mean age = 18.28, SD = 2.98) 
and 174 controls (81 sibling pairs and 12 singletons; 
mean age = 17.76, SD = 2.16). The two groups did not 
differ in age (t = 1.56, df = 178, p = 0.16) or gender 
(χ2 = 1.38, df = 1, p = 0.24), but a significant difference in 
IQ was observed (t = −6.85, df = 178, p < 0.01) (Table S1 
and Figure S2).
Procedure
The Fast Task was administered as part of a longer 
assessment session at the research centre. A 48-hour 
ADHD medication-free period was required. Face-to-face 
or telephone clinical interviews were administered to the 
parent of each ADHD proband shortly before or after the 
participant’s assessment.
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Measures
ADHD Diagnosis
The Diagnostic Interview for ADHD in Adults [DIVA, 
(Kooij and Francken 2007)], a semi-structured inter-
view based on the DSM-IV criteria, was conducted with 
the ADHD proband and the parent separately for current 
symptoms only, because in all cases a clinical and research 
diagnosis of combined type ADHD had already been estab-
lished (Chen et al. 2008). The Barkley’s functional impair-
ment scale [BFIS; (Barkley and Murphy 2006)] was used to 
assess functional impairments commonly associated with 
ADHD in five areas of their everyday life. Each item ranges 
from 0 (never or rarely) to 3 (very often). Participants were 
classified as “affected”, if they scored a “yes” on ≥6 items 
on the DIVA for either inattention or hyperactivity-impul-
sivity based on parent report, and scored ≥2 on ≥2 areas of 
impairments on the BFIS, rated by their parent.
IQ
The vocabulary and block design subtests of the Wechsler 
Abbreviated Scale of Intelligence (WASI) (Wechsler 1999) 
were administered to all participants to derive an estimate 
of IQ.
The Fast Task (Andreou et al. 2007; Kuntsi et al. 2006)
The baseline (slow-unrewarded) condition followed a 
standard warned four-choice RT task. A warning signal 
(four empty circles, arranged side by side) first appeared on 
the screen. At the end of the fore-period (presentation inter-
val for the warning signal), the circle designated as the tar-
get signal for that trial was filled (coloured) in. The partici-
pant was asked to make a compatible choice by pressing the 
response key that directly corresponded in position to the 
location of the target stimulus. Following a response, the 
stimuli disappeared from the screen and a fixed inter-trial 
interval of 2.5 s followed. Speed and accuracy were empha-
sised equally. If the participant did not respond within 10 s, 
the trial terminated. First, a practice session was adminis-
tered, during which the participant had to respond correctly 
to five consecutive trials. The baseline condition, with a 
fore-period of 8 s and consisting of 72 trials, then followed.
To investigate the extent to which a response style char-
acterised by slow and variable speed of responding can be 
maximally reduced, the task includes a comparison condi-
tion that uses a fast event rate (fore-period of 1 s) and incen-
tives. This condition started immediately after the baseline 
condition and consisted of 80 trials, with a fixed inter-trial 
interval of 2.5  s following the response. If the participant 
did not respond within 10 s, the trial terminated. Speed and 
accuracy were emphasised equally. The participants were 
told to respond really quickly one after another, to win smi-
ley faces and earn real prizes in the end. Participants won a 
smiley face for responding faster than their own MRT dur-
ing the baseline (first) condition consecutively for three tri-
als. The smiley faces are continuously updated and remain 
on the screen throughout this condition until the end of the 
task. The baseline MRT was calculated here based on the 
middle 94% of responses (the exclusion of the top and bot-
tom 3% of responses is only used when calculating a base-
line mean RT for the set-up of the fast-incentive condition, 
and is not used for analyses), therefore excluding extremely 
fast and extremely slow responses. The smiley faces 
appeared below the circles in the middle of the screen and 
were updated continuously. The fast-incentive condition is 
always administered after the baseline condition and, as 
such, does not involve a similar learning phase. Participants 
earned £5 in cash after the task battery.
Due to the longer fore-period in the baseline condition, 
the two conditions were not matched on task length, but 
were matched on the number of trials. We analysed RTV 
performance, defined as within-subject standard deviation 
of mean RT on all correct trials, in both the full baseline 
condition and separately on the length-matched segment 
(Andreou et al. 2007). However, we did not control for task 
length in the ERP analyses, as data from the full baseline 
condition was required to obtain adequate trials for ERP 
averaging.
EEG Recording and Analysis
The EEG was recorded from 62 channels DC-coupled 
recording system (extended 10–20 montage), with a 500 Hz 
sampling-rate, impedances kept under 10kΩ, and FCz as 
the recording reference. The electro-oculograms (EOGs) 
were recorded from two additional electrodes above and 
below the left eye and at the outer canthi.
The EEG data were analysed using Brain Vision Ana-
lyzer (2.0) (Brain Products, Germany). After down-sam-
pling the data to 256 Hz, the EEG data were re-referenced 
to the average and filtered offline with digital band-pass 
(0.1–30 Hz, 24 dB/oct) Butterworth filters. Ocular artifacts 
were identified from the data using Independent Com-
ponent Analysis [ICA, (Jung et  al. 2000)]. The extracted 
independent components were manually inspected and 
ocular artefacts were removed by back-projection of all 
but those components. All ERP averages contained at least 
20 accepted sweeps. Data with other artifacts exceeding 
±100 μV in any channel were rejected. P3 amplitude was 
analysed as the area amplitude measure (μV*ms) at Pz 
between 250 and 450  ms following the target, to reduce 
bias due to the varying noise levels induced by the different 
task conditions (Luck 2005). For the main P3 analyses, all 
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the accepted trials were baseline-corrected by subtracting 
the mean activity (200 ms prior to the stimulus target onset) 
from the P3 ERPs. The mean amplitudes of this pre-target 
period [−200–0 ms, using a technical zero baseline (Albre-
cht et  al. 2013; Banaschewski et  al. 2003)] at Cz and Pz 
were also analysed separately as a CNV measure. We used 
the technical zero baseline approach for the CNV, which 
measures the absolute state rather than the amount of neu-
ral change introduced by the event, and has been used in 
previous CNV work (Albrecht et  al. 2013; Banaschewski 
et al. 2003). We chose this short interval as it captures the 
late CNV component unconfounded by sensory activity 
and characterized by a typical CNV topography in the fast-
incentive condition with its 1-s cue–target interval (Fig. 2c, 
d; no typical CNV topography emerged in the slower base-
line condition). We used the same corresponding time-
window in the baseline condition to examine within-subject 
change in preparatory activity across conditions.
Statistical Analyses
All initial group analyses included IQ as a covariate; we 
subsequently re-ran the analyses without IQ as a covariate. 
RTV data were skewed and transformed using the opti-
mized minimal skew (lnskew0) command in Stata (Stata 
Corporation, College Station, TX). As these were sibling 
data, the data were analysed using random intercept mod-
els and logistic regression in Stata. The random intercept 
model is a multilevel regression model that can be used as 
an alternative to ANCOVA to control for genetic related-
ness in a repeated-measures design, using a “robust clus-
ter” command to estimate standard errors (Tye et al. 2012; 
Wood et  al. 2009), as the robust cluster command is not 
available for ANOVA.
We first computed the group differences in both the 
baseline and the fast-incentive condition, followed by a 
post-hoc group analysis of the difference score between 
conditions. As the RTV difference scores could not be suc-
cessfully transformed, non-parametric Kruskal–Wallis tests 
were used on the singletons, by removing the siblings from 
the ADHD (n = 8) and control (n = 81) groups. Singletons 
were randomly drawn from complete sibling pairs using the 
“sample” command in Stata. The robust cluster command 
was not available in the correlational analysis, so for these 
analyses only the singletons (n = 194) were included. As 
the CNV was maximal at Cz, we computed the correlations 
with the CNV at Cz only, to reduce the number of statisti-
cal comparisons.
Additional Analyses
To rule out that the P3 findings are not a result of spatial 
overlap with the anterior positive CNV signals, we applied 
a CSD transformation to ‘sharpen’ the scalp topography 
and reduce the spatial overlap of these two functionally dis-
tinct signals (Kayser and Tenke 2006; Kelly and O’Connell 
2013). To directly examine the effect of CNV on P3 ampli-
tudes, we conducted additional analyses of P3 with CNV at 
Pz included as a covariate. This analysis enabled us to take 
into account and statistically control for the influence group 
effects that are already present during the baseline inter-
vals, comparable to adding an analysis using a technical 
zero baseline approach without baseline subtraction or cor-
rection for the P3 (Koenig and Gianotti 2009; Maess et al. 
2016). To rule out that our P3 interpretations were not due 
to group differences in a later post-stimulus interval or in 
the corresponding response-aligned ERP (MRT = 575  ms 
in the baseline condition and 442 ms in the fast-incentive 
condition), we conducted separate analyses with a later 
interval of the P3 (between 450 and 600  ms at Pz, Fig-
ure S1), along with a response-aligned ERP measured as 
the area amplitude measures (μV*ms) at Pz at the −250 
to −100 ms interval before the response onset (Kelly and 
O’Connell 2013). These results are presented in the online 
supplementary materials.
Results
RTV
A random intercept model indicated significant main effects 
of group (z = 4.77, p < 0.01) and condition (z = −10.29, 
p < 0.01) for RTV, and a significant group-by-condition 
interaction (z = −2.44, p = 0.02) (Fig. 1a). Post-hoc regres-
sion analyses indicated increased RTV in individuals with 
ADHD compared to controls in the baseline (z = 5.30, 
p < 0.01) and fast-incentive (z = 3.44, p < 0.01) condi-
tions, with the change between the conditions significantly 
greater in the ADHD than control group (χ2(1) = 18.29, 
p < 0.01). We obtained comparable results using the length-
matched segment of the baseline condition (Andreou et al. 
2007) where individuals with ADHD displayed a signifi-
cantly increased RTV in the baseline condition (z = 3.92, 
p < 0.01) and a significantly greater improvement in the 
fast-incentive condition (χ2(1) = 12.68, p < 0.01), compared 
to the controls.
P3 Amplitudes
A random intercept model showed main effects of group 
(z = −2.16, p = 0.03) and condition (z = 45.25, p < 0.01) for 
P3 amplitudes, but the group-by-condition interaction did 
not reach significance (z = 1.22, p = 0.22) (Figs.  1b, 2b). 
Post-hoc tests were not performed, but the raw mean values 
for P3 amplitudes across the two conditions are presented 
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(Table S3). A second P3 peak was observed in the baseline 
condition (Fig. 2b), and we therefore carried out an addi-
tional analysis on this later time window (450–600  ms). 
No significant effects of group or group by condition were 
observed for this measure (Figure S1). We ran a sepa-
rate analysis on the response-aligned ERP to determine if 
there are group effects reflecting neural decision threshold. 
Again, no significant effects of group or group by condition 
were observed (Figure S2).
CNV
A random intercept model showed an overall trend effect 
of group at Cz (z = 1.88, p = 0.06) but not at Pz (z = 0.04, 
p = 0.97). The main effect of condition was significant at 
both Cz and Pz (z = −15.65, p < 0.01; z = −9.07, p < 0.01, 
respectively). The group by condition interaction was 
also significant at Cz (z = 4.44, p < 0.01) and Pz (z = 3.95, 
p < 0.01). Post-hoc comparisons revealed no group differ-
ences on the CNV in the baseline condition at Cz (Figs. 1c, 
2a) or Pz (z = −1.37, p = 0.17; z = −1.53, p = 0.13, respec-
tively), but in the fast-incentive condition the control group 
exhibited greater amplitude of the CNV compared to the 
ADHD group at Cz (Fig.  2c, z = 3.53, p < 0.01) and Pz 
(z = 1.91, p = 0.06). The change in CNV amplitudes across 
conditions was significantly greater in the control than 
the ADHD group at both Cz and Pz (z = −4.00, p < 0.01; 
z = −2.59, p = 0.01, respectively).
P3 CSD Amplitudes
A random intercept model showed main effects of group 
(z = −2.32, p = 0.02) and condition (z = 13.39, p < 0.01) for 
P3 amplitudes, with the group-by-condition interaction just 
reaching significance (z = 1.93, p = 0.05) (Figure S3). Post-
hoc comparison revealed significant group differences in 
the baseline (z = −2.87, p < 0.01) but not in the fast-incen-
tive (z = −1.14, p = 0.26) condition.
CNV Effects on P3 Amplitudes
To confirm that the P3 group by condition effect observed 
following CSD transformation was due to the CNV, we re-
ran the analysis on P3 including CNV amplitude at Pz as 
a covariate, both with CSD transformation. This covariate 
approach allows us to take into account the group effects 
during the baseline intervals, similar to using a technical 
zero baseline approach for the P3 in which a significant 
group by condition interaction for P3 was observed (see 
Figure S4). With CNV amplitudes included in the same 
model, a group by condition interaction now emerged for 
the P3 (z = 2.01, p < 0.05), with the main effects of group 
and condition remaining significant (z = −2.56, p = 0.01; 
z = 14.03, p < 0.01, respectively). Post-hoc analyses indi-
cated that the ADHD group showed significantly reduced 
P3 amplitudes compared to the control group in the base-
line condition (z = −2.95, p < 0.01) but not in the fast-
incentive condition (z = −1.69, p = 0.09).
All analyses were re-run without IQ as a covariate, and 
the pattern of results remained the same with two excep-
tions. First, the main effect of group for P3 amplitudes 
diminished (z = −1.63, p = 0.10). Further examination of 
the effects of IQ on P3 amplitudes was, therefore, carried 
out on the ADHD and control groups separately. A negative 
association between IQ and P3 amplitudes was observed 
in the control group in the baseline condition (r = −0.21, 
p = 0.04), but not in the fast-incentive condition (r = 0.03, 
p = 0.79). In the ADHD group, IQ and P3 amplitudes 
were not significantly correlated in the baseline condition 
(r = −0.10, p = 0.38) but were associated at trend level in 
the fast-incentive condition (r = 0.20, p = 0.07). Second, 
Fig. 1  ADHD-control comparisons on a reaction time variability, b P3 amplitudes and c prestimulus CNV acitivity across baseline and fast-
conditions of the Fast Task, including SEM error bars
Fig. 2  Topographic maps, t-maps and waveforms for the CNV and 
P3. Black rectangles mark the time windows of CNV amplitudes at 
Cz (left column a, c, with no baseline correction), and of P3 ampli-
tudes at Pz (right column, b, d, with −200 to 0 ms prestimulus base-
line correction). Solid lines represent the ADHD group and dotted 
lines represent the control group in the baseline (top a, b) and fast-
incentive (bottom c, d) condition of the Fast Task
▸
326 Brain Topogr (2017) 30:320–332
1 3
327Brain Topogr (2017) 30:320–332 
1 3
the magnitude of group difference in the CNV at Pz in the 
fast-incentive condition changed from a trend (p = 0.06) to 
statistical significance (z = 3.41, p < 0.01) when IQ was not 
controlled for. The latter finding suggests that IQ differ-
ences between ADHD and control group may account for 
the group differences in the CNV at Pz.
Relationship Between RTV, P3 Amplitude and CNV
As age correlated significantly with P3 in both groups 
(Table  S2), and RTV varied as a function of gender in 
the ADHD group, they were included as covariates in the 
within-group correlational analyses, in addition to IQ. In 
the ADHD group, a significant association was observed 
between RTV and P3 amplitudes and between CNV and 
P3 amplitudes in both the baseline and fast-incentive con-
ditions, while a significant association between RTV and 
CNV was only observed in the fast-incentive condition 
(Table  1). In the control group, a significant association 
was observed between RTV and P3 amplitudes only in the 
fast-incentive condition. While among controls no asso-
ciation was observed between CNV and P3 amplitudes in 
either condition, a significant association between RTV and 
CNV was observed in both conditions. Fisher’s z test of 
significance between two correlation coefficients indicated 
that, in the baseline condition, the correlation between P3 
and RTV tended to be higher in the ADHD than control 
group (z = −1.58, p = 0.06). The group differences were not 
significant for the P3-RTV correlation in the fast-incentive 
condition, for the CNV–RTV or for the CNV-P3 correla-
tions in either condition (p = 0.10–0.44).
Correlations of the difference scores across conditions 
indicate that a reduction in RTV from the baseline to fast-
incentive condition was significantly associated with an 
increase in P3 amplitudes in the ADHD group, whereas 
this pattern was not observed in the control group, with the 
difference in the correlation coefficients reaching signifi-
cance between groups (p < 0.01; Table 2). Among controls 
an increase in P3 amplitudes across the two conditions was 
associated with an increase in CNV. This correlation was 
weaker in the ADHD group with a trend-level group differ-
ence (p = 0.08; Table 2). The magnitude of change in CNV 
was unrelated to the degree of change in RTV in either 
ADHD or control group, and the correlation coefficients 
were not different between two groups (Table 2). We then 
re-ran the correlations without controlling for the effects of 
IQ, and the overall pattern of results remained similar with 
one exception: the correlation between RTV and CNV in 
the ADHD group in the baseline condition became signifi-
cant (r = 0.30, p < 0.01) (Table S4).
Discussion
We show, first, that ADHD is associated with attenuated P3 
amplitudes during performance on an RT task, indicating 
difficulties with attentional resource allocation. Second, the 
main neurophysiological measure of attention (P3) is linked 
to the cognitive performance measure of attentional fluctu-
ation (RTV) in individuals with ADHD, with both meas-
ures showing malleability: attenuated P3 amplitudes were 
significantly associated with high RTV, and the increase 
in P3 amplitudes from a baseline to a fast-paced, rewarded 
condition was significantly associated with the decrease in 
RTV observed between conditions. Yet, third, the individu-
als with ADHD did not show the same increase in CNV 
from baseline to fast-incentive condition as observed in 
controls, indicating that they were unable to adequately 
adjust the preparatory state in a changed context.
Our findings on RTV replicate those reported in the pre-
vious study on a partially overlapping group of children 
performing the identical Fast task 6 years earlier (Andreou 
et  al. 2007), confirming that while attentional fluctuation 
in ADHD is malleable—showing potential for improve-
ment—it is also a developmentally stable and persistent 
trait in individuals with current diagnoses of ADHD. As far 
as we are aware, only a few studies have, separately, inves-
tigated the effects of stimuli presentation speed (Wiersema 
et al. 2006a, b) and incentives (Groom et al. 2010) on the 
P3 component in ADHD. This study is therefore the first 
Table 1  Pearson correlations (two-tailed) between P3 amplitude, 
contingent negative variation (CNV) at Cz and reaction time variabil-
ity (RTV), in the baseline and in the fast-incentive conditions, con-
trolling for effects of age, gender and IQ
*p = 0.05
**p < 0.01
Baseline Fast-incentive
ADHD Control ADHD Control
RTV and P3 −0.32** −0.09 −0.23* −0.21*
RTV and CNV 0.18 0.36** 0.36** 0.29**
P3 and CNV −0.22* −0.17 −0.23* −0.09
Table 2  Pearson correlations (two-tailed) between the change scores 
(baseline vs fast-incentive conditions) of P3 amplitude, contingent 
negative variation (CNV) and reaction time variability (RTV), con-
trolling for effects of age, gender and IQ. Fisher’s z test of signifi-
cance between two correlation coefficients
*p = 0.05
ADHD Controls z p
P3 and CNV 0.01 0.22* −1.40 0.08
CNV and RTV −0.09 −0.04 −0.33 0.37
P3 and RTV 0.28* −0.12 2.67 <0.01
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to combine the two task manipulations to investigate its 
effect on both neurophysiological and behavioural levels, 
and to examine the relationship between these traits, which 
are both associated with ADHD. We extend previous find-
ings of associations between P3 amplitudes and perfor-
mance variability in population-based samples (Ramchurn 
et  al. 2014; Saville et  al. 2011) to a group of adolescents 
and adults with current ADHD. The malleability of the 
neurophysiological marker of attention induced by a faster 
paced and rewarded condition supports future investigation 
of non-pharmacological interventions that target moderat-
ing P3 amplitudes and emphasises the advantages of incor-
porating fast-paced activities and incentives in the learning 
environments for individuals with ADHD.
Considering our findings on P3 amplitudes in more 
detail, the group by condition interaction effect only 
emerged as significant when CSD transformation was 
applied, and when CNV activity was included in the model. 
Both these results converge to suggest that anterior signals 
generated by pre-stimulus preparatory activity lead to ‘con-
tamination’ of posterior P3 signal. Sharpening the topog-
raphy of these signals revealed a group by condition inter-
action effect. In a further examination of the relationship 
between CNV and P3 we showed that the ADHD-specific 
improvement in attention allocation is partially obscured 
when not considering preceding differences in preparatory 
activity. This additional analysis on the pre-target activity 
(CNV) suggests that the lack of group by condition inter-
action effect in P3 may be partially accounted for by sub-
tracting the more prominent increase in CNV in controls 
than in the ADHD group during the fast-incentive condi-
tion as the baseline. Thus, the preparatory brain processes 
in individuals with ADHD were not comparable to controls 
in the fast-rewarded condition. As RTV improves under the 
fast-incentive condition, we observed a significantly greater 
magnitude of change in preparatory CNV activity from 
the baseline to the fast-incentive condition among controls 
compared to individuals with ADHD. The overall pattern 
of findings suggests that the inability to adjust the prepara-
tory state in a changed context may explain why RTV does 
not fully normalise in ADHD. These findings also highlight 
the importance of considering the effects of pre-stimulus 
state measures, such as the CNV, when interpreting the 
findings on post-stimulus ERPs, particularly in individuals 
with ADHD. Studies that subtract the pre-stimulus baseline 
ERP activity from the post-stimulus ERPs without testing 
for systematic effects during this pre-stimulus period may 
risk overlooking crucial neurophysiological processes that 
underlie behavioural states and their influence on subse-
quent components, which could lead to misinterpretations.
Little is known about how attentional processes on a 
neural level relates to attentional fluctuation on a cognitive 
performance level, even amongst the general population. 
The results from our control group indicate that, under a 
slow and unrewarded baseline condition, RTV relates more 
strongly with preparation (CNV) than with allocation of 
attention (P3 amplitudes). By comparing the associations 
between these ERP markers with RTV across conditions, 
we further demonstrate that for individuals with and with-
out ADHD, both attentional resource allocation (P3 ampli-
tudes) and response preparation (CNV) are necessary for 
optimal cognitive performance in the fast-incentive con-
dition. As the main effects of condition were significant 
for both P3 and CNV amplitudes, it suggests that regard-
less of ADHD status, attentional allocation and response 
preparation are both contributing factors for optimal cog-
nitive performance in the fast-incentive condition. This 
finding is consistent with a recent study that the prospect 
of gaining monetary reward increased CNV amplitudes 
and reduced reaction time in healthy adults (van den Berg 
et al. 2014). The role of attentional preparation in reaction 
time performance is further supported by a recent study 
that found methylphenidate to concurrently increase CNV 
amplitudes and reduce reaction time variability (Linssen 
et al. 2011). As methylphenidate acts on the catecholamin-
ergic pathways, these findings indicate that the CNV is a 
catecholaminergic system marker that plays a critical role 
in information processing in the general population (van 
den Berg et al. 2014), in individuals with ADHD (Albrecht 
et  al. 2013) as well as other disorders (Dhar et  al. 2010). 
Our findings also corroborate with a recent report that 
showed the role of pre-target attentional state in augment-
ing neural decision-making process to influence behaviour 
(Kelly and O’Connell 2013). We also included a supple-
mentary response-aligned P3 measure to disentangle dif-
ferent aspects of post-stimulus information processing in 
relation to ADHD. The results suggest that in this particu-
lar task, individuals with ADHD are different from controls 
only at a level of attentional engagement rather than at later 
response-related decision-making levels.
Our findings remained largely consistent whether or not 
IQ was included as a covariate, except for two patterns of 
findings. Firstly, the association between CNV and RTV in 
the ADHD group only emerged when IQ was not included 
as a covariate and only in the fast-incentive condition, sug-
gesting that individual differences in IQ may account for 
the relationship between CNV and RTV in ADHD, under 
specific task circumstances. Secondly, the ADHD-control 
group differences on P3 amplitudes were only significant 
when IQ was included as a covariate. One explanation for 
this could be that IQ plays a differential role on P3 ampli-
tudes among controls and individuals with ADHD: while 
we observed a significant negative association between 
IQ and P3 amplitudes, this association was absent among 
participants with ADHD. Although prior studies using the 
go/no-go task have reported positive associations of P3 
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amplitude with IQ (Dichter et al. 2006) and with academic 
achievement (Hillman et  al. 2012) in the general popula-
tion (Dichter et al. 2006), this is the first study to report the 
relationship between P3 amplitude and IQ using a simple 
choice reaction time task. Our findings indicate that the 
extent of attentional resources required to process stimuli in 
a slow and unrewarded task decreases as a function of IQ in 
typically developing individuals. Future studies should fur-
ther examine whether the negative association between P3 
amplitude and IQ in controls is driven by the use of alterna-
tive neural mechanisms.
A limitation of this study was that, while the two task 
conditions were matched on the number of trials, they dif-
fered in task length and we were unable to perform addi-
tional ERP analyses on length-matched segments due to 
insufficient number of trials. As such, while our findings 
illustrate how attentional performance can be improved in 
ADHD, future studies are needed to investigate how such 
improvements can be maintained longer term. At the per-
formance level (RTV), we obtained identical findings 
whether or not length-matched segments were used. The 
design of the Fast Task paradigm is not ideal for measuring 
a conventional CNV, as the interval between the cue is very 
long in the baseline condition and relatively short for the 
fast-incentive condition. In spite of the short time interval 
in the latter condition, we observed a typical CNV distri-
bution in the fast condition, and a prominent group differ-
ence in this preparatory activity, suggesting that CNV is a 
sensitive marker of ADHD also at short intervals. Future 
studies could replicate these findings regarding anticipatory 
activity using other ERP tasks. Due to the long inter-stim-
ulus interval of our task design, we were unable to obtain 
an accurate latency measure. However, as previous studies 
suggest, both amplitude and latency of the stimulus-aligned 
P3 are dependent on RT distribution (O’Connell et  al. 
2012). Future single-trial analyses are therefore needed 
to confirm that our P3 findings reflect true diminution of 
signal at the single-trial level, rather than simply reflecting 
increased RTV. Future single-trial analyses in this area will 
also be invaluable to clarify the chronology of events and to 
test any upstream influence of P3 on CNV activity.
Overall, our findings provide novel insights into the neu-
rophysiological basis of the attentional fluctuation observed 
as high RTV in adolescents and young adults with ADHD. 
Our results demonstrate the potential of inducing an opti-
mal task condition to improve attention on both neuro-
physiological and behavioural levels. While individuals 
with ADHD reduced attentional fluctuation by increasing 
their attention allocation, they were unable to adjust their 
preparatory response appropriately in a changed context. 
Consistent with our previous genetic model fitting finding 
that RTV baseline performance and its improvement across 
conditions measure the same aetiological process (Kuntsi 
et  al. 2012), findings from this study show that the same 
neurophysiological process underlies RTV baseline per-
formance and its improvement in ADHD. Although this 
and previous studies suggest that attenuated P3 ampli-
tudes and increased RTV are developmentally stable mark-
ers of ADHD in those with persisting ADHD diagnosis 
(Cheung et al. 2016; Szuromi et al. 2011), both show mal-
leability and are therefore targets for non-pharmacological 
interventions.
Acknowledgements This project was supported by generous Grants 
from Action Medical Research and the Peter Sowerby Charitable 
Foundation (Grant Reference GN1777). Initial sample recruitment of 
the ADHD sample was supported by NIMH Grant R01MH062873 to 
SV Faraone; the recruitment of the control sample and initial cogni-
tive assessments of ADHD and control groups were supported by UK 
Medical Research Council Grant G0300189 to J Kuntsi. C Cheung 
was supported by a Medical Research Council funded PhD student-
ship. We thank all who make this research possible: our participants 
and their families; Jessica Deadman, Hannah Collyer and Sarah-Jane 
Gregori.
Compliance with Ethical Standards 
Conflict of interest Professor. Banaschewski has served as ad-
viser or consultant for Bristol Myers-Squibb, Develco Pharma, Lilly, 
Medice, Novartis, Shire, and Vifor Pharma; he has received confer-
ence attendance support and conference support or speakers honoraria 
from Janssen McNeil, Lilly, Medice, Novartis, and Shire and has been 
involved in clinical trials conducted by Lilly and Shire. Professor. Ash-
erson has acted in an advisory role for Shire, Janssen-Cilag, Eli Lilly 
and Flynn Pharma. He has received education or research grants from 
Shire, Janssen-Cilag and Eli-Lilly. He has given talks at educational 
events sponsored by the above companies. The other authors report no 
conflicts of interest.
Open Access This article is distributed under the terms of the 
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted 
use, distribution, and reproduction in any medium, provided you give 
appropriate credit to the original author(s) and the source, provide a 
link to the Creative Commons license, and indicate if changes were 
made.
References
Albrecht B, Brandeis D, Uebel H, Valko L, Heinrich H, Drechsler 
R, Heise A, Muller UC, Steinhausen HC, Rothenberger A, 
Banaschewski T (2013) Familiality of neural preparation and 
response control in childhood attention deficit-hyperactivity dis-
order. Psychol Med 43:1997–2011
Andreou P, Neale BM, Chen W, Christiansen H, Gabriels I, Heise 
A, Meidad S, Muller UC, Uebel H, Banaschewski T, Manor I, 
Oades R, Roeyers H, Rothenberger A, Sham P, Steinhausen 
HC, Asherson P, Kuntsi J (2007) Reaction time performance in 
ADHD: improvement under fast-incentive condition and familial 
effects. Psychol Med 37:1703–1715
Banaschewski T, Brandeis D, Heinrich H, Albrecht B, Brunner E, 
Rothenberger A (2003) Association of ADHD and conduct dis-
order–brain electrical evidence for the existence of a distinct sub-
type. J Child Psychol Psychiatry 44:356–376
330 Brain Topogr (2017) 30:320–332
1 3
Banaschewski T, Jennen-Steinmetz C, Brandeis D, Buitelaar JK, 
Kuntsi J, Poustka L, Sergeant JA, Sonuga-Barke EJ, Frazier-
Wood AC, Albrecht B, Chen W, Uebel H, Schlotz W, van der 
Meere JJ, Gill M, Manor I, Miranda A, Mulas F, Oades RD, 
Roeyers H, Rothenberger A, Steinhausen HC, Faraone SV, 
Asherson P (2012) Neuropsychological correlates of emotional 
lability in children with ADHD. J Child Psychol Psychiatry 
53:1139–1148
Barkley R, Murphy K (2006). Attention deficit hyperactivity disor-
der: a clinical workbook, 3rd edn. Guildford Press, New York
Bender S, Weisbrod M, Bornfleth H, Resch F, Oelkers-Ax R (2005) 
How do children prepare to react? Imaging maturation of 
motor preparation and stimulus anticipation by late contingent 
negative variation. Neuroimage 27:737–752
Castellanos FX, Sonuga-Barke EJ, Scheres A, Di Martino A, Hyde 
C, Walters JR (2005) Varieties of attention-deficit/hyperactiv-
ity disorder-related intra-individual variability. Biol Psychiatry 
57:1416–1423
Chen W, Zhou K, Sham P, Franke B, Kuntsi J, Campbell D, Fleis-
chman K, Knight J, Andreou P, Arnold R, Altink M, Boer F, 
Boholst MJ, Buschgens C, Butler L, Christiansen H, Fliers E, 
Howe-Forbes R, Gabriels I, Heise A, Korn-Lubetzki I, Marco 
R, Medad S, Minderaa R, Muller UC, Mulligan A, Psychogiou 
L, Rommelse N, Sethna V, Uebel H, McGuffin P, Plomin R, 
Banaschewski T, Buitelaar J, Ebstein R, Eisenberg J, Gill M, 
Manor I, Miranda A, Mulas F, Oades RD, Roeyers H, Rothen-
berger A, Sergeant J, Sonuga-Barke E, Steinhausen HC, Tay-
lor E, Thompson M, Faraone SV, Asherson P (2008) DSM-IV 
combined type ADHD shows familial association with sibling 
trait scores: a sampling strategy for QTL linkage. Am J Med 
Genet B 147B:1450–1460
Cheung CH, Rijsdijk F, McLoughlin G, Brandeis D, Banaschewski 
T, Asherson P, Kuntsi J (2016) Cognitive and neurophysiologi-
cal markers of ADHD persistence and remission. Br J Psychia-
try 208:548–555
Dhar M, Been PH, Minderaa RB, Althaus M (2010) Information 
processing differences and similarities in adults with dyslexia 
and adults with attention deficit hyperactivity disorder during 
a continuous performance test: a study of cortical potentials. 
Neuropsychologia 48:3045–3056
Dichter GS, van der Stelt O, Boch JL, Belger A (2006) Relations 
among intelligence, executive function, and P300 event related 
potentials in schizophrenia. J Nerv Ment Dis 194:179–187
Doehnert M, Brandeis D, Straub M, Steinhausen HC, Drechsler R 
(2008) Slow cortical potential neurofeedback in attention defi-
cit hyperactivity disorder: is there neurophysiological evidence 
for specific effects? J Neural Transm 115:1445–1456
Doehnert M, Brandeis D, Schneider G, Drechsler R, Steinhausen 
HC (2013) A neurophysiological marker of impaired prepa-
ration in an 11-year follow-up study of attention-deficit/
hyperactivity disorder (ADHD). J Child Psychol Psychiatry 
54:260–270
Donchin E, Miller GA, Farwell LA (1986) The endogenous compo-
nents of the event-related potential–a diagnostic tool? Prog Brain 
Res 70:87–102
Groom MJ, Scerif G, Liddle PF, Batty MJ, Liddle EB, Roberts KL, 
Cahill JD, Liotti M, Hollis C (2010) Effects of motivation and 
medication on electrophysiological markers of response inhibi-
tion in children with attention-deficit/hyperactivity disorder. Biol 
Psychiatry 67:624–631
Halperin JM, Trampush JW, Miller CJ, Marks DJ, Newcorn JH (2008) 
Neuropsychological outcome in adolescents/young adults with 
childhood ADHD: profiles of persisters, remitters and controls. J 
Child Psychol Psychiatry 49:958–966
Heinrich H, Gevensleben H, Freisleder FJ, Moll GH, Rothenberger A 
(2004) Training of slow cortical potentials in attention-deficit/
hyperactivity disorder: evidence for positive behavioral and neu-
rophysiological effects. Biol Psychiatry 55:772–775
Hillman CH, Pontifex MB, Motl RW, O’Leary KC, Johnson CR, 
Scudder MR, Raine LB, Castelli DM (2012) From ERPs to aca-
demics. Dev Cogn Neurosci 2(Suppl 1):90–98
Johnson R Jr (1988) Scalp-recorded P300 activity in patients follow-
ing unilateral temporal lobectomy. Brain 111(Pt 6):1517–1529
Johnson KA, Kelly SP, Bellgrove MA, Barry E, Cox M, Gill M, Rob-
ertson IH (2007) Response variability in attention deficit hyper-
activity disorder: evidence for neuropsychological heterogeneity. 
Neuropsychologia 45:630–638
Jung TP, Makeig S, Humphries C, Lee TW, McKeown MJ, Iragui V, 
Sejnowski TJ (2000) Removing electroencephalographic arti-
facts by blind source separation. Psychophysiology 37:163–178
Kayser J, Tenke CE (2006) Principal components analysis of Lapla-
cian waveforms as a generic method for identifying ERP genera-
tor patterns: I. Evaluation with auditory oddball tasks. Clin Neu-
rophysiol 117:348–368
Kelly SP, O’Connell RG (2013) Internal and external influences on 
the rate of sensory evidence accumulation in the human brain. J 
Neurosci 33:19434–19441
Koenig T, Gianotti LRR (2009) Scalp field maps and their character-
ization. In: Michel CM, Koenig T, Brandeis D, Gianotti LRR, 
Wackermann J (eds). Cambridge University Press, Cambridge
Kofler MJ, Rapport MD, Sarver DE, Raiker JS, Orban SA, Fried-
man LM, Kolomeyer EG (2013) Reaction time variability in 
ADHD: a meta-analytic review of 319 studies. Clin Psychol Rev 
33:795–811
Kok A (1990) Internal and external control: a two-factor model of 
amplitude change of event-related potentials. Acta Psychol 
(Amst) 74:203–236
Kooij JJS, Francken MH (2007) Diagnostic Interview for ADHD 
(DIVA) in adults. http://www.divacentre.eu.
Kratz O, Studer P, Baack J, Malcherek S, Erbe K, Moll GH, Heinrich 
H (2012) Differential effects of methylphenidate and atomoxe-
tine on attentional processes in children with ADHD: an event-
related potential study using the Attention Network Test. Prog 
Neuropsychopharmacol Biol Psychiatry 37:81–89
Kuntsi J, Klein C (2012) Intraindividual variability in ADHD and its 
implications for research of causal links. Curr Top Behav Neuro-
sci 9:67–91
Kuntsi J, Eley TC, Taylor A, Hughes C, Asherson P, Caspi A, Moffitt 
TE (2004) Co-occurrence of ADHD and low IQ has genetic ori-
gins. Am J Med Genet B 124B:41–47
Kuntsi J, Andreou P, Ma J, Borger NA, van der Meere JJ (2005) Test-
ing assumptions for endophenotype studies in ADHD: reliability 
and validity of tasks in a general population sample. BMC Psy-
chiatry 5:40
Kuntsi J, Rogers H, Swinard G, Borger N, van der Meere J, Rijsdijk F, 
Asherson P (2006) Reaction time, inhibition, working memory 
and ‘delay aversion’ performance: genetic influences and their 
interpretation. Psychol Med 36:1613–1624
Kuntsi J, Wood AC, Van Der Meere J, Asherson P (2009) Why cogni-
tive performance in ADHD may not reveal true potential: find-
ings from a large population-based sample. J Int Neuropsychol 
Soc 15:570–579
Kuntsi J, Wood AC, Rijsdijk F, Johnson KA, Andreou P, Albrecht 
B, Arias-Vasquez A, Buitelaar JK, McLoughlin G, Rommelse 
NN, Sergeant JA, Sonuga-Barke EJ, Uebel H, van der Meere JJ, 
Banaschewski T, Gill M, Manor I, Miranda A, Mulas F, Oades 
RD, Roeyers H, Rothenberger A, Steinhausen HC, Faraone SV, 
Asherson P (2010) Separation of cognitive impairments in atten-
tion-deficit/hyperactivity disorder into 2 familial factors. Arch 
Gen Psychiatry 67:1159–1167
Kuntsi J, Frazier-Wood AC, Banaschewski T, Gill M, Miranda 
A, Oades RD, Roeyers H, Rothenberger A, Steinhausen 
331Brain Topogr (2017) 30:320–332 
1 3
HC, van der Meere JJ, Faraone SV, Asherson P, Rijsdijk F 
(2012). Genetic analysis of reaction time variability: room for 
improvement?. Psychol Med, 1–11
Linssen AM, Vuurman EF, Sambeth A, Nave S, Spooren W, Vargas 
G, Santarelli L, Riedel WJ (2011) Contingent negative varia-
tion as a dopaminergic biomarker: evidence from dose-related 
effects of methylphenidate. Psychopharmacology (Berl) 
218:533–542
Luck SJ (2005) An introduction to the event-related potential tech-
nique. MIT Press, Cambridge, Massachusetts
Maess B, Schröger E, Widmann A (2016) High-pass filters and base-
line correction in M/EEG analysis. Commentary on: “how inap-
propriate high-pass filters can produce artefacts and incorrect 
conclusions in ERP studies of language and cognition”. J Neuro-
sci Methods 266:164–165
Mangun GR, Hillyard SA (1990) Allocation of visual attention to spa-
tial locations: tradeoff functions for event-related brain potentials 
and detection performance. Percept Psychophys 47:532–550
McLoughlin G, Albrecht B, Banaschewski T, Rothenberger A, 
Brandeis D, Asherson P, Kuntsi J (2010) Electrophysiological 
evidence for abnormal preparatory states and inhibitory process-
ing in adult ADHD. Behav Brain Funct 6:66
McLoughlin G, Palmer JA, Rijsdijk F, Makeig S (2014) Genetic over-
lap between evoked frontocentral theta-band phase variability, 
reaction time variability, and attention-deficit/hyperactivity dis-
order symptoms in a twin study. Biol Psychiatry 75:238–247
Nieuwenhuis S, Aston-Jones G, Cohen JD (2005) Decision making, 
the P3, and the locus coeruleus-norepinephrine system. Psychol 
Bull 131:510–532
O’Connell RG, Dockree PM, Robertson IH, Bellgrove MA, Foxe 
JJ, Kelly SP (2009) Uncovering the neural signature of lapsing 
attention: electrophysiological signals predict errors up to 20  s 
before they occur. J Neurosci 29:8604–8611
O’Connell RG, Dockree PM, Kelly SP (2012) A supramodal accumu-
lation-to-bound signal that determines perceptual decisions in 
humans. Nat Neurosci 15:1729–1735
Overtoom CC, Bekker EM, van der Molen MW, Verbaten MN, Kooij 
JJ, Buitelaar JK, Kenemans JL (2009) Methylphenidate restores 
link between stop-signal sensory impact and successful stopping 
in adults with attention-deficit/hyperactivity disorder. Biol Psy-
chiatry 65:614–619
Pliszka SR (2007) Pharmacologic treatment of attention-deficit/
hyperactivity disorder: efficacy, safety and mechanisms of action. 
Neuropsychol Rev 17:61–72
Polich J (2007) Updating P300: an integrative theory of P3a and P3b. 
Clin Neurophysiol 118:2128–2148
Ramchurn A, de Fockert JW, Mason L, Darling S, Bunce D (2014) 
Intraindividual reaction time variability affects P300 amplitude 
rather than latency. Front Hum Neurosci 8:557
Rommelse NN, Oosterlaan J, Buitelaar J, Faraone SV, Sergeant JA 
(2007) Time reproduction in children with ADHD and their 
nonaffected siblings. J Am Acad Child Adolesc Psychiatry 
46:582–590
Rubia K, Smith AB, Brammer MJ, Taylor E (2007) Temporal lobe 
dysfunction in medication-naive boys with attention-deficit/
hyperactivity disorder during attention allocation and its relation 
to response variability. Biol Psychiatry 62:999–1006
Saville CW, Dean RO, Daley D, Intriligator J, Boehm S, Feige B, 
Klein C (2011) Electrocortical correlates of intra-subject vari-
ability in reaction times: average and single-trial analyses. Biol 
Psychol 87:74–83
Saville CW, Feige B, Kluckert C, Bender S, Biscaldi M, Berger A, 
Fleischhaker C, Henighausen K, Klein C (2015) Increased reac-
tion time variability in attention-deficit hyperactivity disorder 
as a response-related phenomenon: evidence from single-trial 
event-related potentials. J Child Psychol Psychiatry 56:801–813
Segalowitz SJ, Dywan J, Unsal A (1997) Attentional factors in 
response time variability after traumatic brain injury: an ERP 
study. J Int Neuropsychol Soc 3:95–107
Sergeant JA (2005) Modeling attention-deficit/hyperactivity disorder: 
a critical appraisal of the cognitive-energetic model. Biol Psy-
chiatry 57:1248–1255
Slusarek M, Velling S, Bunk D, Eggers C (2001) Motivational effects 
on inhibitory control in children with ADHD. J Am Acad Child 
Adolesc Psychiatry 40:355–363
Steger J, Imhof K, Steinhausen H, Brandeis D (2000) Brain mapping 
of bilateral interactions in attention deficit hyperactivity disorder 
and control boys. Clin Neurophysiol 111:1141–1156
Suskauer SJ, Simmonds DJ, Caffo BS, Denckla MB, Pekar JJ, Most-
ofsky SH (2008) fMRI of intrasubject variability in ADHD: 
anomalous premotor activity with prefrontal compensation. J 
Am Acad Child Adolesc Psychiatry 47:1141–1150
Sutton S, Braren M, Zubin J, John ER (1965) Evoked-potential cor-
relates of stimulus uncertainty. Science 150:1187–1188
Szuromi B, Czobor P, Komlosi S, Bitter I (2011) P300 deficits in 
adults with attention deficit hyperactivity disorder: a meta-anal-
ysis. Psychol Med 41:1529–1538
Tamm L, Narad ME, Antonini TN, O’Brien KM, Hawk LW Jr, 
Epstein JN (2012) Reaction time variability in ADHD: a review. 
Neurother 9:500–508
Twomey DM, Murphy PR, Kelly SP, O’Connell RG (2015) The clas-
sic P300 encodes a build-to-threshold decision variable. Eur J 
Neurosci 42:1636–1643
Tye C, McLoughlin G, Kuntsi J, Asherson P (2011) Electrophysio-
logical markers of genetic risk for attention deficit hyperactivity 
disorder. Expert Rev Mol Med 13:e9
Tye C, Rijsdijk F, Greven CU, Kuntsi J, Asherson P, McLoughlin G 
(2012) Shared genetic influences on ADHD symptoms and very 
low-frequency EEG activity: a twin study. J Child Psychol Psy-
chiatry 53:706–715
Uebel H, Albrecht B, Asherson P, Borger NA, Butler L, Chen W, 
Christiansen H, Heise A, Kuntsi J, Schafer U, Andreou P, Manor 
I, Marco R, Miranda A, Mulligan A, Oades RD, van der Meere 
J, Faraone SV, Rothenberger A, Banaschewski T (2010) Perfor-
mance variability, impulsivity errors and the impact of incentives 
as gender-independent endophenotypes for ADHD. J Child Psy-
chol Psychiatry 51:210–218
van den Berg B, Krebs RM, Lorist MM, Woldorff MG (2014) Uti-
lization of reward-prospect enhances preparatory attention 
and reduces stimulus conflict. Cogn Affect Behav Neurosci 
14:561–577
Van der Meere JJ (2002). The role of attention. In: Sanberg S (ed), 
Hyperactivity disorders of childhood, 2nd ed. Cambridge Uni-
versity press, Cambridge, pp 162–298
Verleger R (1997) On the utility of P3 latency as an index of mental 
chronometry. Psychophysiology 34:131–156
Wangler S, Gevensleben H, Albrecht B, Studer P, Rothenberger A, 
Moll GH, Heinrich H (2011) Neurofeedback in children with 
ADHD: specific event-related potential findings of a randomized 
controlled trial. Clin Neurophysiol 122:942–950
Wechsler, D. (1999). Wechsler abbreviated scale of intelligence 
(WASI). Harcourt assessment, San Antonia, TX
Wiersema R, van der Meere J, Antrop I, Roeyers H (2006a) State reg-
ulation in adult ADHD: an event-related potential study. J Clin 
Exp Neuropsychol 28:1113–1126
Wiersema R, van der Meere J, Roeyers H, Van Coster R, Baeyens 
D (2006b) Event rate and event-related potentials in ADHD. J 
Child Psychol Psychiatry 47:560–567
Wood AC, Asherson P, Rijsdijk F, Kuntsi J (2009) Is overactivity a 
core feature in ADHD? Familial and receiver operating charac-
teristic curve analysis of mechanically assessed activity level. J 
Am Acad Child Adolesc Psychiatry 48:1023–1030
332 Brain Topogr (2017) 30:320–332
1 3
Wood AC, Rijsdijk F, Johnson KA, Andreou P, Albrecht B, Arias-
Vasquez A, Buitelaar JK, McLoughlin G, Rommelse NN, 
Sergeant JA, Sonuga-Barke EJ, Uebel H, van der Meere JJ, 
Banaschewski T, Gill M, Manor I, Miranda A, Mulas F, Oades 
RD, Roeyers H, Rothenberger A, Steinhausen HC, Faraone SV, 
Asherson P, Kuntsi J (2011) The relationship between ADHD 
and key cognitive phenotypes is not mediated by shared familial 
effects with IQ. Psychol Med 41:861–871
